Bacteria serve as the central arena for understanding how gene networks and proteins process information and control cellular behaviors. Recently, much effort has been devoted to the investigation of specific bacteria gene circuits as functioning modules. The next challenge is the integrative modeling of complex cellular networks composed of many such modules. A tractable integrative model of the sophisticated decision-making signal transduction system that determines the fate between sporulation and competence is presented. This model provides an understanding of how information is sensed and processed to reach an ''informative'' decision in the context of cell state and signals from other cells. The competence module (ComK dynamics) is modeled as a stochastic switch whose transition rate is controlled by a quorum-sensing unit. The sporulation module (Spo0A dynamics) is modeled as a timer whose clock rate is adjusted by a stress-sensing unit. The interplay between these modules is mediated via the Rap assessment system, which gates the sensing units, and the AbrB-Rok decision module, which creates an opportunity for competence within a specific window of the sporulation timer. The timer is regulated via a special repressilator-like inhibition of Spo0A* by Spo0E, which is itself inhibited by AbrB. For some stress and input signals, this repressilator can generate a frustration state with large variations (fluctuations or oscillations) in Spo0A* and AbrB concentrations, which might serve an important role in generating cell variability. This integrative framework is a starting point that can be extended to include transition into cannibalism and the role of colony organization.
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Bacillus subtilis ͉ competence ͉ gene networks ͉ sporulation ͉ stochasticity E ven for bacteria, life can be both complex and stressful. How do they cope with adversity? Can these coping strategies be described at the molecular level? Many bacterial strains respond to stress, such as starvation or DNA damage, by forming endospores, which is a cellular response involving many genes. In Bacillus subtilis, sporulation entails the activity of Ͼ500 genes over the course of Ϸ10 h. The process ends in death by lysis of the ''mother cell'' and the formation of a dormant daughter cell (the spore) that can resist hazards like heat, radiation, and toxic chemicals, but also cannot take advantage immediately of favorable circumstances to reproduce. Sporulation is not initiated automatically upon nutrient limitation, but instead it is the end result of a series of steps that might be described as cellular decisions regarding how to best cope with the stress (1, 2) . Initially, it appears a variety of other tactics to survive are used, including the activation of flagellar motility to seek new food sources by chemotaxis, the secretion of antibiotics and other chemical weapons to destroy microbes competing for the same ecological niche, and the secretion of hydrolytic enzymes to scavenge extracellular proteins and polysaccharides. The cells also assess various internal conditions before beginning to sporulate. The assessments include checking chromosome integrity and the state of chromosomal replication, presumably to ensure that once committed spore formation can actually be completed.
After alternative responses prove inadequate to relieve the stress, sporulation is the fate chosen by a majority of the cells. For example, in the case of the domesticated B. subtilis 168 strain studied here, 50-70% of the cells make the commitment to sporulation. The genetic material released to the media by lysis of the sporulationg cells is not wasted by the colony. On their path toward sporulation, the individual cells can opt for the differentiated state of competence, triggered by ComK (the competence master regulator) exceeding a certain threshold level (3, 4) . In this state the cell can take up exogenous DNA from lysed cells. This material can then be used for DNA repair and occasionally even as new genetic information to enable resisting the encountered stress. Competence is not a permanent genetic state, and after several hours the cell switches back to vegetative growth on its path toward sporulation (5) . In the case of B. subtilis 168, under stressful conditions Ϸ10% of the cells are in the competence state and a cell spends Ϸ20 h in this state before switching back into the vegetative state (5, 6) . Variability in the duration of competence has been suggested to be of phisiological importance in a recent study by Süel and collaborators (7) .
Considerable research effort has been devoted to untangling the components of the signal transduction decision-making system that allows the individual cell to decide whether to wait, take a chance and escape into competence, or commit to sporulation. It is now understood that the cell decision follows careful sensing, advanced cell-cell communication using a variety of peptide pheromones (autocrine agents), and elaborate information processing to assess information about the colony density, the collective progression toward sporulation, and the inclination to escape into competence (8) . The cell assesses these signals in the context of its own present and past stress and its progression toward sporulation.
An advanced sensing system integrates and converts the cell stresses into a phosphate flow through a cascade of kinases, termed the phosphorelay, which ends with the accumulation of the sporulation master regulator protein Spo0A* (phosphrylated Spo0A) (9) . The level of Spo0A* defines three stages in the decision-making process (10) . When the levels of Spo0A* are low, transitions into competence are blocked by the AbrB-Rok circuit, a repressor of ComK. The "early assessment stage" is performed by the Rap system together with two two-component sensing systems (11, 12) . The assessment involves regulation of Author contributions: D.S., P.G.W., E.B.J., and J.N.O. designed research; D.S. performed research; D.S. and E.B.J. analyzed data; and D.S., P.G.W., E.B.J., and J.N.O. wrote the paper.
The authors declare no conflict of interest. the probability to escape into competence, after ComK inhibition is lifted, and regulation of the progression toward sporulation. After Spo0A* reaches a threshold level S 1 , the cell enters into the "decision stage" (13) , during which the AbrB-Rok circuit opens a time window of opportunity (termed the ''competence window'') to escape into competence or make a final commitment to sporulation. The transitions into competence are stochastic, and because the transition probability depends on the individual cell-specific physiological parameters of stress, external information, and noise level, it can be termed a ''molecular decision.'' The third and final "commitment stage," is reached when Spo0A* is accumulated above an even higher threshold level S 2 (14) . The SinI-SinR circuit (also acts by a cascade of inhibitions) is turned on, leading to inhibition of ComK and terminating any attempts to competence transition. We see that the bacteria's decision relies on a combination of deterministic and stochastic events processed by many modules that sense information, process information, and regulate cell responses.
Years of intensive experimental studies have identified tens of key regulatory genes and quantified the associated physiological parameters that are involved in the sporulation-competence decision process of the domesticated B. subtilis 168. More recently, these findings have led to the development of tractable quantitative models of some of the elements (or module circuits) of this highly interconnected genetic network. Considerable new attention in a series of articles by Elowitz and collaborators (5, 6) and others (15) has been given to modeling the role of the Comk-ComS master switch in the transition into and return from competence. The generic dynamics of typical twocomponent systems like those that participate in the quorum sensing and stress detection mechanism has been modeled and studied by Alon and collaborators (16) . Other modeling studies of the phosphorelay cascades of kinases by Huang and Ferrell (17) show that a cooperative-like behavior can be obtained without the hallmarks of molecular cooperativity under equilibrium conditions. Modeling of protein-antagonist motifs such as the Sin or the Rap modules by Arkin and collaborators (18, 19) has demonstrated how the dynamical modes of these circuits depend on the physiological parameters.
These theoretical studies have paved the way to meet the next challenges posed by the sporulation-competence decision system: the competence model needs to be extended to include the crucial regulating effect of the input signals from the early assessment system. In addition, it is now relevant to develop a tractable quantitative model of the sporulation path that includes the phosphorelay cascade and the dynamics of the sporulation master protein Spo0A*. Once the modeling of the competence and the sporulation genetic circuits (modules) is completed, the next and greater challenge is to analyze the interaction between these modules: to model and investigate the dynamics of the Rap and the AbrB-Rok systems.
Such integrative model reveals the interplay between the decision-making system as a general task-performing system and the local functions executed by its component module circuits, as the signals propagate throughout the network to reach the decision about the cell's fate (20) (21) (22) . The integrative modeling also allow us to understand how the external information about the cell stress, the status and inclinations of other cells, and the colony density is processed to reach an ''informed'' decision. Finally, such an analysis provides a sound basis for studying how cell-cell communication can couple the intracellular decisionmaking genetic circuits of the individual cells. The essential aspect of how individual decision circuits of cooperating cells and the interplay between individual stresses and the state of the colony as a whole has not been studied from this perspective before.
As we point out in Discussion, the integrative framework presented here can be extended to include the return from competence and cannibalism after additional experimental information about these interesting phenomena will be obtained. Regarding the ''return problem,'' there are new results that indicate the putative role of RapH in regulating the transition back from competence into the vegetative state (23) . Although we focus here on the sporulation/competence decision, it is important to bring up a third option: cannibalism. Recently, it has been shown that cells further along on the path toward sporulation can produce and secrete antibacterial factors that block sibling cells from sporulating and cause them to lyse, thus killing them (24, 25) . Such cannibalistic cells coming to this fateful decision to kill their brothers then feed on the nutrients released by the lysed cells while impeding progression toward sporulation. Current evidence indicates that cannibalism is initiated during the decision stage, after Spo0A* starts to repress AbrB.
Sporulation/Competence Road Map: The Decision-Making Network
The decision-making network presented in Fig. 1 is an elaborate signal transduction system that determines the cell fate by sensing and processing information about the cell stress, the colony density (quorum-sensing peptides), and the stress status and inclinations of neighboring cells (peptide pheromones). The input signals are processed by the combined action of a highly complex regulatory network of interaction between genes and proteins, including activation and inhibition of genes and phosphorylation and dephosphorylation of proteins.
To simplify the analysis of this complex system, we first model and analyze the operation of the two key modules: sporulation and competence. To facilitate understanding we note that the sporulation module acts as a timer that measures the progression toward sporulation with an adjustable clock rate. The competence module acts as a stochastic switch, with an adjustable escape probability. The sporulation progression is measured by the accumulated concentration of Spo0A*. Next, we identify, model, and analyze the operation of the Rap communication and information processing system and the AbrB-Rok circuit.
Spo0A* accumulation is determined by a cascade of kinases transferring phosphate to the sporulation master regulator Spo0A (9, (26) (27) (28) (29) . Phosphate is transferred down the relay, leading to an accumulation of Spo0A*. The outcome is that the clock rate of the sporulation timer is adjusted by the cell stress. Spo0A* acts as a transcriptional activator of both Spo0A and Spo0F via the sigma factor H . Spo0B rapidly transfers phosphate between these two response regulators, allowing any regulation of Spo0F to directly affect the levels of Spo0A* (30) .
The competence switch consists of a self-activator master regulator ComK and a degradation complex MecA/ClpP/ClpC that continuously acts to keep ComK at low levels (3, 31) . This degradation is regulated by competitive binding of peptide ComS. It has been proposed that the ComK-ComS-MecA circuit can act as an excitable system, a bistable system, or both, depending on parameters (4-6, 15, 32). Either excitable or bistable, the module acts as a stochastic switch. Entrance into competence can be described as activation over an effective free-energy barrier whose height depends on the concentrations of ComK and ComS (15) . In addition to the previously widely studied ComK-ComS-MecA core circuit, the competence module consists of the ComP-ComA quorum-sensing twocomponent system that activates the production of ComS in response to the level of the quorum-sensing pheromone ComX (33) .
The sporulation clock rate and the competence escape waiting time are further regulated by the Rap module (23, 34, 35) , composed of many (11 sometimes redundant) motifs. Generally speaking, the Rap decreases the clock rate of the sporulation timer and increases the waiting time of the competence switch by dephosphorylation of Spo0F and inactivation of ComA, respectively. The Rap is also regulated by Spo0A*, which enhances the production of some of the pheromones (e.g., PhrC) via H (36) . More recently, it has been discovered that the Rap system is regulated by ComK (enhancer of RapH that dephosphorylate Spo0F), presumably to prevent sporulation during competence.
The AbrB-Rok decision circuit (a ComK repressor), blocks competence for levels of Spo0A* outside of a certain window. When the Spo0A* concentration accumulates above the threshold level S 1 , the competence repressor AbrB is rapidly inhibited by Spo0A*, and the cell is allowed to enter into competence (13) . The competence transition probability is determined by the level of ComS defined in the early assessment. In parallel, the inhibition of AbrB also leads to the derepression of the dephosphatase Spo0E (37, 38) . Consequently, because Spo0E dephosphorylates Spo0A*, the inhibition of AbrB leads to a decrease in the clock rate of the sporulation timer.
However, even if the rate is slowed down, the concentration of Spo0A* can continue to increase. When it reaches a higher threshold level S 2 the cell enters the final sporulation commitment. Above this threshold, Spo0A* suppresses the inhibition of Rok via the SinI-SinR module (14, 39) . Consequently, the level of Rok, an inhibitor of ComK, increases to a level that blocks transitions into competence.
Put together, the combined effect of the AbrB and Rok circuits is to allow cells on the road toward sporulation an opportunity to escape into competence during a time window S 1 Ͻ Spo0A* Ͻ S 2 (40) . During this time window, the clock rate of the timer slows down while the escape waiting time is reduced, giving the cell a fair chance to escape into competence before the final commitment to sporulation.
The Competence Module
The master regulator ComK activates its own transcription, in a positive feedback loop, once its concentration crosses a certain threshold (32) . Active degradation by a special degradation complex MecA/ClpP/ClpC keeps the ComK concentration low and thus prevents its overexpression, which would lead to competence. By interfering with ComK degradation, ComS can allow the ComK concentration to cross the threshold for selfactivation, leading to overexpression and consequently transition into competence (3) . Upon entering into the competent state the concentration of ComK reaches high levels. Because overexpression of ComK has a negative effect on ComS, it will ultimately determine the exit from competence. The operation of this ComK-MecA-ComS circuit has been studied in detail by modeling it as a dynamical system with two variables, the concentrations of ComK and ComS (4) (5) (6) 15) . The circuit can act either as an excitable system or a stochastic switch. Here, we focus on the decision to enter competence, that is, we focus on the regulation of the transition probability (41) . We treat the concentration of ComS as a control parameter and describe the switch operation by the following dynamical equation of ComK:
where k and s are the ComK and ComS concentrations, g 0 and g 1 are the basal and activated synthesis rates, ⌳ is the maximum degradation rate of ComK, k 0 is the ComK concentration for half-activation of the feedback loop, and ⌫ s and ⌫ k are concentrations of ComS and ComK for half-maximal degradation. ComS 1 Ͻ s/⌫ s Ͻ ComS 2 , the cell can make transitions from the vegetative state into competence. Below this range the vegetative state is the only available option, and above this range the cell necessarily goes into competence. We note that when the system is treated as a two-variable dynamical system the competent state can be an unstable fixed point (system is excitable), allowing the system to show well-defined competence cycles around the fixed point. Here, we have a 1D system, with ComS taken as a control parameter, so the competent state does not show cycles, but instead makes transitions into competence, which is the focus here.
The transitions into competence can be formulated as an activation problem; a threshold concentration has to be crossed by fluctuations in the ComK level for the transition into competence to happen. The situation can be mapped to the escape problem of a particle over a potential barrier under the effect of noise. In this picture Eq. 1 can be viewed as the motion of an overdamped (high friction) mechanical particle moving in one dimension, the concentration k being the analogue of the axis in which the particle moves and the rate F(k,s) ϭ dk/dt the equivalent of a force acting on the particle. Within this analogy, for a given value of s, the particle is moving in a potential
, where k V and k B correspond to the values of k for vegetation and barrier, respectively, as shown in Fig. 2 A and C. Using Kramers activation theory, the probability per unit time of escape into competence, Ϫ 1 is proportional to exp[Ϫ⌬U(s)/] where is the effective noise and the prefactor is determined by the rate constants at the vicinity of the vegetative and barrier states. Because the concentration of ComS is increased in response to the quorum-sensing signal, the activation barrier ⌬U(s) goes down, and consequently the escape time is reduced (with stronger nonlinear dependence).
The external quorum sensing signal ComX leads to enhancement in the ComS production through the ComA-ComP quorum-sensing module shown in Fig. 1 . This two-component system is a typical sensing motif where a signal is translated into the activation of a response regulator. Such a two-component system is widely used by bacteria for sensing external input signals. The system consists of an intramembrane histidine kinase ComP, which autophosphorylates upon binding to an external input signal ComX. The phosphate is then rapidly transferred to a response regulator ComA. Detailed studies of the operation of a generic two-component system and the ComA-ComP system with additional relevant references are included in SI Appendix.
ComA* acts as a transcription factor that activates, among many targets, the competence inducer ComS. ComP can also dephosphorylate ComA* (phosphorylated ComA) in the absence of ComX (42) . Therefore, the ComA-ComP module operates as a quorum-sensing gate that activates the production of ComS, inducing competence, only above a threshold concentration of ComX (Fig. 3B) . We also note that the production of ComS must not exceed levels that would eliminate the vegetative state (kept below ComS 2 , as defined earlier). Experiments show, however, that levels of ComS in the cell would have to increase dramatically (6-fold) to notice this effect (6) . The regulator ComA interacts with the Rap module in the assessment stage. The gate characteristics of the ComA-ComP-sensing module are regulated by the Rap system (43) as is shown in The Rap Module and Early Assessment section.
The Sporulation Module
The sporulation module, which acts as a timer, controls the cell progression toward sporulation (9) . The master regulator of this module, Spo0A, upon phosphorylation activates the transcription of itself and the other response regulator Spo0F via H , in a positive feedback loop activated when Spo0A* Ͼ S Act (29) . The module is build of two submodules, the Kin-Spo0F and the Spo0B-Spo0A two-component systems, which are coupled in series by Spo0B quickly transferring phosphate between Spo0F and Spo0A, as is analyzed in detail in SI Appendix.
Kin-Spo0F is a stress-sensing system, the structure of which is similar to that of the ComA-ComP two-component system. The schematic diagram shown in Fig. 1 represents the operation of at least five different histidine kinases (KinA-KinE), each autophosphorylating in response to a different stress signal. In the absence of or low stress levels, the histidine kinases KinA-E, can also dephosphorylate Spo0F*. Therefore, the rate of production of Spo0F* ϭ d(Spo0F*)/dt has a sigmoid dependence on the stress level. This result, together with the dephosphorylation of Spo0F* by Rap, implies that the Kin-Spo0F sensing system acts as a gate that turns on the sporulation timer only above some minimum stress level. The clock rate is regulated by a competition between the positive effect of stress level and the negative effect of the Rap input [dephosphorylation of Spo0F* (34)], as detailed in the next section. When a sufficiently high stress level is encountered, phosphate is transferred to the Spo0B histidine kinase, which rapidly transfers the phosphate to the response regulator Spo0A, beginning the accumulation of Spo0A*. The accumulation rate ⍀ ϭ d(Spo0A*)/dt of Spo0A* (the clock rate of the sporulation timer) changes during the progression of sporulation. When Spo0A* accumulates above the threshold concentration S Act , ⍀ rapidly increases from a base level ⍀ 0 to a higher-level ⍀ up .
The Rap Module and Early Assessment
The cell uses a sophisticated integrated system composed of the ComA-ComP-and Kin-Spo0F-sensing modules the Rap system to make early assessments (23, 35) , as shown in Fig. 1 . The Rap communication and information processing module, the core component of this integrated system, consists of many Rap proteins (11 have been identified so far in B. subtilis) that dephosphorylate Spo0F, inactivate ComA, or both (34, 44) . Rap proteins usually share a promoter and are cotranscribed with their own associated Rap pheromone, located downstream. A typical example is the RapA-PhrA pair that is cotranscribed when activated by ComA*. As illustrated in Fig. 1 , pheromone PhrA is produced first as a precursor PhrAЈ, which is later modified into its active form PhrA upon being exported out of the cell. The external active signal PhrA is imported into the cell and acts by binding to its own associated protein RapA and inhibiting its activity. The concentration of active signal PhrA in the vicinity of the cell is composed of pheromone produced by the cell itself and other cells around it. Therefore, the RapAPhrA circuit acts as a comparator element and provides information about the individual concentration of ComA* in the cell vs. the group level of ComA* in the vicinity (19) . RapA then adjusts the clock rate of the sporulation timer accordingly, by dephosphorylation of Spo0F*. For sufficiently high colony density, i.e., there is sufficient concentration of ComX in the vicinity to produce enough ComA*, RapA adjusts the clock rate to be slower when there are many cells around inclined to escape into competence.
The model and analysis of the operation characteristics of the RapA-PhrA element are detailed in SI Appendix. Schematically, the steady-state concentration of RapA a, is given by
where p A is the concentration of the active form of the pheromone PhrA, g is the total concentration of RapA, proportional to the synthesis rate of RapA and PhrA that is activated by ComA, and K is a constant embodying the rates of production, export, and import of the pheromone, its binding constant to RapA and, most important, the gain in the signal coming from the pheromone secreted by the neighboring cells. This is a typical example in which a Rap protein is transcribed only by ComA*. Other Rap proteins, like RapC, also shown in Fig. 1 , have more complex computational elements. In addition to the cotranscription of the Rap protein and its associated pheromone by ComA*, the transcription of the pheromone can be further enhanced by Spo0A*. The pheromones can have an additional promoter activated by the sigma factor H , induced by Spo0A* (36) . Hence the RapC-PhrC circuit adds two internal input signals, the levels of ComA* and Spo0A*, to set the rate of pheromone secretion. The rate of secretion of PhrC carries information about the cell's likelihood to escape into competence. Therefore, the RapC-PhrC element also provides the cell with an assessment of the intentions of its neighbors to escape into competence vs. its own. The model and analysis of the operation characteristics of the RapC-PhrC element are detailed in SI Appendix.
Whereas RapA-PhrA regulates the progression toward sporulation by dephosphorylation of Spo0F*, RapC-PhrC regulates both the progression toward spoulation (via the inhibition of RapB by PhrC) and the probability of competence transitions by 
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inactivation of ComA. PhrC is therefore especially important in sporulation and competence control. This pentapeptide, widely termed competence and sporulation factor (CSF), promotes at high concentrations both competence and sporulation by protecting ComA* from the inhibiting effect of RapC and protecting Spo0F* from the inhibiting effect of RapB. From the colony's perspective, CSF has a balancing and synchronizing effect, accelerating the production of ComA* and Spo0F* in cells that are behind schedule. CSF thus makes the probability to enter competence more uniform throughout the colony and synchronizes the sporulation progression (clock rates). For example, in cells exposed to weaker stress RapB inhibits the progression toward sporulation. By inhibiting the effect of the RapB, CSF received from the neighbors provides the cell with more equal opportunity to progress toward sporulation. We note that CSF has similar effect to provide latecomer cells also with better opportunity to enter into competence, thus executing an ''affirmative action. '' In Fig. 3 we show the results of model simulations of the combined functioning of the integrated phosphorelay-Rap quorum-sensing system in executing the early assessment process. We show the level of the output of this circuit, the sporulation progression and the probability of competence transition Ϫ1 , as function of the input signals stress, ComX and CSF. The level of stress necessary for progression to sporulation (larger ) depends on the level of dephosphorylation of Spo0F* by RapA and RapB (Fig. 3A) . The probability of a competence transition is increased with higher levels of pheromones ComX and CSF, but reaches a maximum level ultimately defined by the maximum activation of ComS and the level of noise in the system (Fig. 3B) . Experiments indeed show that even under optimal conditions only Ϸ15% of the cells in a colony enter competence.
The Decision Stage and Final Commitment
The AbrB-Rok decision module, shown in Fig. 1 , has unique operational principles, because its functions are executed by a cascade of transcription inhibitions. Activation of this module means that the cascade of inhibitions is turned on. The module is composed of three genes, two of which, AbrB and Rok, are self-inhibitory and both inhibit the competence master regulator ComK. AbrB also inhibits Rok. The third protein, Spo0E, starts to dephosphorylate Spo0A* when its inhibition by AbrB is removed (37, 38) . AbrB itself is inhibited when the concentration of Spo0A* crosses the threshold S 1 . The decision regulator AbrB is an unstable protein involved in the repression of a wide variety of genes, in addition to those belonging to the decision-making system. Because of this instability, the concentration of AbrB decreases fast when the gene transcription is inhibited.
Because AbrB is self-inhibitory and unstable, upon repression by Spo0A* its concentration decreases relatively fast and the inhibition of ComK is lifted, allowing the cell to escape into competence (13) . However, lower levels of AbrB also reduce the inhibition of Rok. At sufficiently low levels of AbrB, the concentration of Rok increases to a level that once again inhibits of ComK, preventing competence transitions. In Fig. 4A we show the dependence of the concentrations of AbrB and Rok on the level of Spo0A* (see SI Appendix for detailed description of the modeling and the analysis of the delicate interplay between the effects of AbrB and Rok in regulating ComK). There is a computational advantage of combining self-inhibition with high unrepressed transcription levels that is shared by the AbrB and Rok motifs: it establishes an upper bound in the steady-state level of the protein. In the case of AbrB there is a transition to a lower level when inhibited by Spo0A*, whereas in the case of Rok there is a transition to a higher level when the inhibition by AbrB is removed.
Both AbrB and Rok have binding sites in the ComK promoter. Because there is evidence that the binding sites of AbrB and Rok in the comK promoter overlap (45) , only one molecule of those can bind at a time. If we normalize the AbrB and Rok concentrations by their binding constant, we can add them in a single ComK repression signal x, which is used in Eq. 1 in the inhibition of ComK. The decrease in x during the competence window lifts the inhibition of ComK, leading to an increase in the vegetative value of ComK (ComK veg ), and consequently to a substantial increase in the probability per unit time of escape into competence Ϫ1 , as shown in Fig. 4A . When the cell enters the competence window (Spo0A* Ͼ S 1 ), the Spo0A* inhibition of AbrB leads to an increase in the level of Spo0E, because its inhibition by AbrB is lifted (37, 38) . This increase leads to relatively rapid dephosphorylation of Spo0A* by Spo0E and a decrease in the clock rate ⍀ to a lower value ⍀ window . The latter is determined by the difference between the phosphate relay rate up and the rate of Spo0A* dephosphorylation by Spo0E.
In Fig. 4B we show the time dependence of Spo0A*, which measures the sporulation progression. For low stress level and/or fast dephosphorylation of Spo0F by the Rap system, up is relatively low, so the cell can spend a long time in the competence window. Here, we assume that S 1 is sufficiently larger than S Act , so that the cell spends a significant time in the second period of the early assessment stage, during which it can secrete higher levels of CSF. However, we note that currently there is no concrete information about the values of these two threshold levels. An interesting situation can be observed if S 1 is close to S Act . In such cells (either wild-type or engineered mutants), dephosphorylation of Spo0A* should start before can reach its maximal value up .
If the stress level and the inputs from the Rap system are such that up is low, the level of Spo0A* could decrease after it crosses We show the dynamical behaviors of Spo0F, Spo0A, and Spo0A* as function of time for constant stress level. We note that the increase in the growth rate of Spo0F is the outcome of the increased level of Spo0A*, which acts as an up-regulator of Spo0F (via H ). S 1 . The reason is that the triplet Spo0A-AbrB-Spo0E could form a unique repressilator-type motif (as is detailed and modeled in SI Appendix). The outcome can be a ''frustration state'' during which the levels of these three proteins would vary greatly, according to fluctuations in . The response to a constant could be oscillatory, and this system could then be used to amplify noise signals coming from all of the sensors, generating a great variability of Spo0A* throughout the colony and resulting in different decisions by individuals and a variety of phenotypes throughout the colony (Fig. 5) .
During the decision stage, the concentration of Spo0A* continues to increase at a rate (⍀ window ). When it reaches a second threshold S 2 the cell enters the final sporulation commitment (Fig. 4B ). When increasing above S 2 , Spo0A* turns on the SinI-SinR module that will result in blocking competence completely. More specifically, Spo0A* represses ComK, inducing a shift in a series of inhibitions. ComK inhibitor Rok is initially kept at lower to intermediate levels by a repressor SinR. High levels of Spo0A* induce the production of SinI, which binds to SinR to form an inactive complex (14, 39) . Inactivation of SinR then causes the derepression of Rok, whose high levels lead to complete inactivation of ComK and the blocking of competence.
Rok is also inhibited by overexpression of ComK. The functional role of this inhibition is to allow a cell that escaped into the competent state before the final commitment to decouple from the inhibitory effect of Rok. Because at this stage the concentration of AbrB is also low, the transition back from competence is not regulated by the sporulation module. It is observed that the exit from competence is always to the vegetative state, meaning that competent cells do not sporulate. Recently, a missing regulatory mechanism that prevents sporulation in competent cells was proposed. The involved factor is RapH, which dephosphorylates Spo0F* (23) . Unlike the other Rap proteins described earlier, which are activated by ComA, the transcription of RapH is activated by high concentrations of ComK. During competence the activation of RapH is high, and its dephosphorylation of Spo0F is rapid, leading to a flow in the reverse direction of the phosphate relay and a decrease in the level of Spo0A*. RapH also decreases the level of ComA, and in turn the level of the competence inducer ComS, thus participating in regulating the transition back from competence. The emerging picture is that the process of transition back from competence, which is not studied here, also involves the Rap system. In other words, it could also involve assessment of signals from other cells.
Discussion
The cellular sporulation-competence decision process is an elaborate signal transduction system with two main functions: (i) to determine the cell fate based on sensing and processing external information according to the cell stress and stored information and (ii) to send messages to other cells about progression toward sporulation and inclinations into switching into competence. A tractable quantitative model of the sporulation-competence system is introduced as a general taskperforming network composed of functional modules, which enables us to understand how the external information is sensed and processed to reach informative decisions.
To simplify the system complexity, we first modeled, analyzed the operation, and characterized the functions of the two key modules: the sporulation timer and the competence stochastic switch. Each module is composed of a sensing unit and a regulating submodule that includes a self-activated master regulator (Spo0A* for sporulation and ComK for competence) whose operation is controlled by input from the sensing system. The sensing units of both modules are gated by the Rap system. Special effort was devoted to untangle the complexity of this sophisticated communication and information processing system.
Next, the inhibition of inhibition operation principles of the AbrB-Rok decision module were unraveled by modeling its dynamical activity. This module performs two tasks. One task is gating the competence transitions to be allowed only within an specific competence window between two values of Spo0A*, the measure of the sporulation timer. The AbrB-Spo0A part of the decision module regulates the clock rate of the sporulation timer. Because Spo0A is inhibited by Spo0E that is inhibited by AbrB that is inhibited by Spo0A* these three genes form a special repressilator circuit (46) with one gene being controlled by external input and self-activated (Spo0A) and another being self-inhibited (AbrB). Ordinarily, this circuit simply leads to a decrease in the rate of accumulation of Spo0A* when AbrB is sufficiently inhibited. We also found that this repressilator circuit can lead to an ''undecided'' frustrated state in which the values of AbrB exhibit large dynamical oscillations and fluctuations. Because the AbrB dynamics in the frustrated state is sensitive to the cell conditions, on the colony level the AbrB-Spo0A circuit may play an important role in generating variability among the colony.
Preliminary colony-level results regarding the early assessments were presented. In general, the colony-level problem is to understand the collective sporulation-competence processes, given the repertoire of individual cells, based on their complex and intricate cellular signal transduction systems and genetic circuits. Each cell has its own microenvironment and hence behaves differently than other cells in the colony. Also, it is clear that cells often behave stochastically as it has been carefully established in our previous study of the competence process, where genetic noise is necessary to drive some cells (at least temporarily) into the competent state (4-6, 15, 32) . It may very well be the case that stochastic behavior at the single-cell level and cell variability have an important functional role as they are necessary to drive optimum behavior of the colony as a whole. In the context of game theory, this variability is referred to as a mixed strategy.
It is important to emphasize that the theoretical research efforts toward understanding sporulation and competence have been carried out on the domesticated strain B. subtilis 168. Over years of growth under benign laboratory conditions it has lost many essential genes associated with cooperative behaviors, and therefore the sporulating and competent cells are distributed nearly uniformly in the colony (5). In contrast, as was shown by Dubnau and Losick (47) , colonies of the wild-type B. subtilis 3610 strain exhibit intricate colony organization when driven toward sporulation. This colony organization involves the formation of specially structured groups of spores at specific locations, presumably to increase the chance of survival after germination, posing a higher challenge for theoretical investigations.
Finally, we note that although we do not study here the return form competence or the transition into cannibalism, this framework can be extended to include these phenomena once sufficient experimental information is obtained. Recently, it has been shown that cells ahead on the path toward sporulation, when Spo0A* exceeds a threshold level, become cannibalistic and feed on the nutrients released by neighboring cells they lyse, impeding their progression toward sporulation. It is likely that cells become cannibalistic after the commitment to sporulation. If cells, however, become cannibalistic for lower levels of Spo0A* (that corresponds to the competence window), they can decide between competence and cannibalism. From game theory perspective, it would be reasonable that competent cells were immune to cannibalism, because otherwise the transition to competence would be too risky, but it is not known whether this is indeed the case.
